Abstract. In recent years, much studies have focused on determining the origin of the large-scale line-profile and/or photometric patterns of variability displayed by some apparently single Wolf-Rayet stars, with the existence of an unseen (collapsed?) companion or of spatially extended wind structures as potential candidates. We present observations of WR 1 which highlight the unusual character of the variations in this object. Our narrowband photometric observations reveal a gradual increase of the stellar continuum flux amounting to ∆v ≈ 0.09 mag followed by a decline on about the same timescale (3-4 days). Only marginal evidence for variability is found during the 11 following nights. Strong, daily line-profile variations are also observed but they cannot be easily linked to the photometric variations. Similarly to the continuum flux variations, coherent time-dependent changes are observed in 1996 in the centroid, equivalent width, and skewness of He ii λ4686. Despite the generally coherent nature of the variations, we do not find evidence in our data for the periods claimed in previous studies. While the issue of a cyclical pattern of variability in WR 1 is still controversial, it is clear that this object might constitute in the future a cornerstone for our understanding of the mechanisms leading to the formation of largely anisotropic outflows in Wolf-Rayet stars.
Introduction
It is now fairly well-established that apparently single Wolf-Rayet (WR) stars may display two distinct (but probably non mutually exclusive) spectroscopic patterns of variability: (a) small-scale emission features systematically moving from the line center to the line wings on an hourly timescale (e.g., Lépine 1998); (b) dramatically larger line-profile deformations operating on a much longer basis (∼ days, e.g., Smith & Willis 1994) . Although the first phenomenon, observed in most (if not all) WR stars, is believed to be the consequence of the fragmented, possibly turbulent nature of the outflow, the origin of the latter type of variability is still very much elusive.
Remarkable in this respect, is the existence of a wellestablished (although strongly epoch-dependent) largescale, cyclical pattern of variability in the two apparently single WR stars WR 6 (P = 3.763 ± 0.002 d; Firmani et al. 1980 ) and WR 134 (P = 2.27 ± 0.04 d; McCandliss et al. 1994; Morel et al. 1999) . A major observational effort has been directed on establishing the true nature of these peculiar objects, i.e., whether this cyclical variability is induced by an orbiting unseen (collapsed?) companion or by the rotational modulation of large-scale wind structures (e.g., Vreux et al. 1992; Morel 1998; Harries et al. 1999 , and references therein). Although the exact nature of these stars has yet to be unambiguously settled, these studies reveal that rotational modulation constitutes an attractive alternative to the binary hypothesis, especially considering the recent recognition that some O stars (the progenitors of WR stars) might possess such azimuthally structured outflows (Fullerton et al. 1997; Kaper et al. 1997) .
A prime target for further investigations is the seldomstudied, apparently single WN 5 star WR 1 (HD 4004) that has recently been shown to present a spectral pattern of variability very similar to that of WR 6 (Niedzielski 1995 (Niedzielski , 1996a Wessolowski & Niedzielski 1996; Niedzielski 1998) . Strong line-profile variability was observed, as well as apparently cyclical (according to P ≈ 2.667 days) variations in the EWs of He ii λ4686 and He ii λ5412 (Niedzielski 1996a) . The first claim of periodic variability in WR 1 with P ≈ 7.7 days was made by Lamontagne (1983) from an analysis of the radial velocity variations of He ii λ4686. The first photometric monitoring of this object has shown WR 1 to be variable, with an indication of a 6.1 day period (Moffat & Shara 1986) . Recently, Marchenko et al. (1998a) discussed Hipparcos broadband photometric data which revealed that WR 1 also displays relatively long-term photometric variations, with a marginal evidence for a P = 11.68 ± 0.14 day periodicity.
As can be seen, controversy persits in the literature concerning the possible cyclical nature of the variations in WR 1. We present in this paper the results of spectroscopic and photometric monitoring of WR 1 carried out in 1995 and 1996 aiming at shedding some light on this issue.
Observations and Reduction Procedure

Photometry
The photometric variability of WR 1 has been investigated during the interval 1996 September 18-October 5 by use of the single channel photometer Cuentapulsos on the 0.84 m telescope of the Observatorio Astronómico Nacional at San Pedro Mártir (Mexico). Two additional objects were monitored during this observing run, namely, WR 3 and WR 153. The nights were generally clear. WR 1 was observed through a narrowband v filter centered on 5140Å (FWHM = 90Å). This filter samples a continuum-dominated region of the WR spectrum. We applied the following sequence of 60 s integration through a 25 ′′ diaphragm: sky, C2, C1, WR, C1, WR, C1, C2, sky. The same nearby comparison stars as used by Moffat & Shara (1986) have been chosen. These comparison stars are similar in terms of their magnitude and colour to WR 1:
19. An extinction coefficient k v = 0.20 was used throughout the data reduction. The scatter in the (C2 − C1) data for the whole dataset amounts to σ = 4.7 mmag. The differential magnitudes quoted in Table 1 are averaged over two consecutive cycles typically separated by about 20 minutes.
Spectroscopy
Long-slit and Reticon Spectra
Long-slit spectra of WR 1 have been obtained during various campaigns at the Observatoire du Mont Mégantic and Dominion Astrophysical Observatory (Canada) in 1995 October and 1996 September. Reticon spectra were also obtained at DAO in 1996 November. The 1996 campaign at the Observatoire du Mont Mégantic was coordinated to support the photometric campaign described above. Table 2 lists the mode of observation, the dates of the spectroscopic observations, the interval of the observations in heliocentric Julian dates, the observatory name, the number of CCD spectra obtained, the selected spectral domain, the reciprocal dispersion of the spectra, and the typical signal-to-noise ratio (S/N) in the continuum. The spectra were reduced using the IRAF 1 data reduction packages. The bias and sky subtraction, flat-field division, removal of cosmic ray events, extraction of the spectra, and wavelength calibration were carried out in the usual way. Spectra of calibration lamps were taken immediately before and after the stellar exposure. The stellar spectra were subsequently continuum normalized by fitting a low-order Legendre polynomial to carefully selected linefree regions. In order to minimize the spurious velocity shifts induced by an inevitably imperfect wavelength calibration, the spectra were coaligned in velocity space by using the interstellar doublet Na i λλ5890, 5896 as fiducial marks. When not available, the doublet Ca ii λλ3934, 3968 or the diffuse interstellar band at 4501Å were used. A trend for a systematic shift of the zero point of the wavelength scale has been corrected by redshifting most of the spectra by an average value of 35 km s −1 .
Echelle Spectra
Echelle spectra have been obtained during the period 1996 September 16-19 with the Echelle spectrograph Espresso (Levine & Chakrabarty 1995) on the 2.1 m telescope of the San Pedro Mártir Observatory. The UCL camera and a 1024 × 1024 coated CCD-Tek chip have been used. The selected grating (300 lines mm −1 ) yields a reciprocal dispersion of 0.16 and 0.23Å pixel −1 at Hγ and Hα, respectively. The spectra cover 27 orders and span the spectral range 3720-6900Å.
The reduction procedure (bias subtraction, division by a normalized flat field, removing of scattered light, extraction of the orders) was carried out using the reduction tasks in the IRAF package echelle. Comparison spectra of Th-Ar lamps have been used for the wavelength calibration. The typical accuracy of the wavelength calibration can be judged by the dispersion in the heliocentric radial velocities of the interstellar line Na i λ5890: σ ≈ 2 km s −1 . The instrumental response has been removed by fitting a low-order Legendre polynomial to the continuum sections of each order of an O-star spectrum, and then dividing the corresponding order of the WR 1 spectra by this polynomial. The resultant, almost flat orders were then combined using the IRAF task scomb. This procedure proved to be satisfactory, except when the overlapping regions fall in a spectral domain with very steep intensity gradients, as in the blue wing of He ii λ4686 (see Fig.2 ). The combined spectra were then subdivided into spectral regions roughly corresponding to those of the long-slit spectra discussed above ( §2.2.1). For consistency purposes, these spectra have been continuum normalized by fitting a low-order Legendre polynomial to the same continuum sections that selected for the long-slit spectra.
Results
Photometric Variations
The light curve of WR 1 is plotted as a function of the heliocentric Julian date of observation in Figure 1 . The main feature of this light curve is the gradual increase of the stellar continuum flux amounting to ∆v ≈ 0.09 mag beginning at HJD 2,450,346, followed by its decline on about the same timescale after HJD 2,450,350. During the last 11 nights (after HJD 2,450,353), only marginal evidence for variability is found, with σ(WR − C)/σ(C2 − C1) ≈ 1.3. This can be compared with a value of 1.9 derived by Moffat & Shara (1986) on the basis of 14 nights of broadband B observations in 1984. Noticeable is the striking lack of recurrence in the continuum flux data. A periodicity search in the (WR − C1) and (WR − C2) data acquired after HJD 2,450,353 yields no evidence for any periodic signals in the range 6-8 days that would possibly account for the variations observed before this date. The highest peaks in the power spectra of these two datasets (after correction by the CLEAN algorithm; see Roberts et al. 1987 ) appear (with considerable uncertainty) for periods of about 4 days. However, the significance of these periodic signals is very low and they must thus be regarded as spurious. The periods proposed by Niedzielski (1996a; 2.667 days) and Marchenko et al. (1998a; 11.68 days) are inconsistent with the global light-curve morphology. On the other hand, the periods claimed by Lamontagne (1983; 7 .7 days) and Moffat & Shara (1986; 6 .1 days) are only consistent with part of the data (before HJD 2,450,353). We will come back to this point later ( §4).
An Overview of the Line-profile Variations
In the following, we will generally illustrate the line-profile variations of WR 1 by means of the strong He ii λ4686 line as its variations are qualitatively similar to those affecting the other He ii features (see §3.5; Niedzielski 1996a). One of the most outstanding features of the line-profile variability is the relatively low level of variability observed within one night.
2 Such a gradual pattern of variability has been observed whenever several spectra have been obtained during a single night of observation. This phenomenon is illustrated in Figure 2 where we show a superposition of the 21 He ii λ4686 line profiles obtained on the night of 1996 September 18 (around HJD 2,450,344.873). In sharp contrast, however, noticeable night-to-night variations are observed. This is illustrated in Figure 3 which shows a montage of the nightly mean spectra obtained in 1995 October (left panel ) and 1996 September (right panel ) for the spectral region encompassing He ii λ4686 (it has to be kept in mind that because of the paucity of Fig. 3 . Montage of the continuum-normalized, nightly mean spectra obtained in 1995 October (left panel ) and 1996 September (right panel ) for the spectral range encompassing He ii λ4686 (the number of individual spectra averaged to form the corresponding nightly mean is indicated between the two panels). The mean heliocentric Julian date of the observations (-2,449,000) is indicated on both sides of the panels. For comparison purposes, the unweighted means for 1995 October (7 spectra) and 1996 September (8 spectra) are overplotted as dashed lines. The spectra of consecutive nights are offset by 2.5 units of continuum in the intensity scale.
the photometric data, the strength of the spectral lines in these continuum-normalized spectra has not been corrected for the varying continuum flux level).
Temporal Variance Spectrum Analysis
The Temporal Variance Spectrum (TVS; Fullerton et al. 1996) has been used to assess the level of spectral variability as a function of wavelength. The (square root of the) TVS, giving the typical "size" of the deviations from a template-weighted mean spectrum (expressed in percentage of the continuum flux) is shown, along with the 99.0 % confidence level for variability, in Figure 4 . As can be seen, highly significant variability affects the emission lines, with the notable exception of N v λ 4945 for which only little evidence for variability is found. Many peaks (i.e., locations of "preferential" variability) can be distinguished in the TVS. The locations of these peaks (in terms of the projected velocity referred to the laboratory rest wavelength of the spectral feature in question) are quoted in Table 3 . This investigation shows that: (a) the variability often extends to velocities comparable to the wind terminal velocity (v ∞ ≈ 2135 km s −1 ; Rochowicz & Niedzielski 1995), e.g., v ≈ -1790 km s −1 for the relatively unblended line He ii λ4859; (b) the TVS structure -made up of several subpeakspresents some similarities for the various He ii features. However, the velocities quoted in Table 3 are certainly entached of considerable uncertainties (e.g., because of blending of TVS subpeaks) making difficult a clear statement as to whether the variability takes place at the same characteristic velocities in different lines.
The P Cygni Profile Variability
The TVS analysis also reveals substantial variability at the location of the P Cygni absorption component of N v λ4604 (Fig.4) . This mainly results from the transition of the N v λ4604 feature from a pure emission line-profile in 1995 October to a P Cygni line-profile in 1996 September (Fig.5) . No clear variations in the strength of this absorption trough on a daily timescale are observed.
An enhanced peak in the TVS can also be found at the location where the carbon triplet C iv λ5806 and He i λ5876 merge (Fig.4) . The large daily changes affecting C iv λ5806 and/or He i λ5876 in October 1995 and September 1996 are illustrated in Figure 6 (this phenomenon is not observed in 1996 November). The high level of variability observed at this particular location is likely due to the superposition of two distinct type of variability: (a) red-wing variability of C iv λ5806 as observed in other spectral features (e.g., He ii λ4686 ; Fig.4) ; (b) variations in the strength of the P Cygni absorption com- 3 The latter interpretation is supported by the fact that the projected velocity of the peak in the TVS (v ≈ -1980 km s −1 , referred to the He i rest laboratory wavelength) matches fairly well the wind terminal velocity (v ∞ ≈ 2135 km s −1 ). Considering the relatively modest level of variability affecting the red-wing part of the line profiles in WR 1 (Fig.4) , it is likely that changes in the strength of the P Cygni absorption component of the He i feature mostly contribute to the observed changes.
Correlated Line-profile Variations in Different
Lines?
A possible correlated pattern of variability in two different spectral features has been investigated by calculating the Spearman rank-order correlation matrices (see, e.g., Johns & Basri 1995) , whose elements r(i, j) yield the degree of correlation between the line intensity variations at pixels i and j in each line profile, respectively. In the case of perfectly, positively correlated variations, a matrix unity is obtained. The correlation matrices of He ii λ5412 with He ii λ4686, He ii λ4859, and N v λ4945 are shown in Figure 7 in the form of contour plots, where the lowest contour indicates a significant positive (or negative) correlation at the 99.5 % confidence level (the other spectral lines were not covered enough to be included in the analysis). These matrices are displayed in the projected velocity frame (referred to the line laboratory rest wavelength). A significant positive correlation is generally found between the pattern of variability of He ii λ5412 and He ii λ4686. The same conclusion, however restricted to the velocity range (-1000, + 1000) km s −1 , holds for the variations affecting He ii λ5412 and He ii λ4859. In contrast, the (weak) variations of N v λ4945 are apparently not linked to those of He ii λ5412 (the same is true for C iv λ5806 and He i λ5876). Various factors are susceptible to mask a potentially correlated pattern (e.g., noise, blends). Also, due to the stratified nature of WR winds, it is conceivable that (a) two given features present similar, yet time-delayed patterns of variability, and (b) the variability is mainly restricted to the line formation regions of the He ii ions and does not extend where the bulk of the N v λ4945 emission originates. This would also result in an apparent lack of correlation. Overall, the results of this analysis tend to show that the He ii features vary in a fairly similar fashion. The small number of spectral features included in the analysis prevents, however, to draw at this stage more general conclusions.
Centroid, FWHM, EW, and Skewness Variations
We have investigated the time-dependent changes in the global line-profile properties by calculating the centroid, FWHM, EW, and skewness of He ii λ4686, the strongest line. The centroid and skewness were calculated as the first moment, and the ratio of the third and the (3/2 power of the) second central moments of the portion of the profile above two in units of the continuum (in order to avoid the contribution of blends). The FWHM was determined by a Gaussian fit to the entire line profile. The EWs were calculated by integrating the line flux in the interval 4643-4780Å. One can note that the mean EW of He ii λ4686 increased from 313 to 343Å from 1995 October to 1996 September. This 10 % increase may be explained by an intrinsic EW variability and/or by long-term changes in the stellar continuum flux. As can be seen in Figure 8 (right panel ), the data obtained in 1996 September generally show coherent time-dependent variations. This is especially clear for the skewness time series, with the timescale Fig. 7 . Correlation matrices of He ii λ5412 with He ii λ4686, He ii λ4859, and N v λ4945. Thick and thin contours indicate a negative or positive correlation in the pattern of variability presented by two line profiles at different projected velocities (referred to the line laboratory rest wavelength), respectively. The lowest contour is drawn for a significant correlation at the 99.5 % confidence level.
of the variations being of the same order of magnitude as the variations of the continuum flux shown in the uppermost part of Figure 8 , namely, in the range 5-7 days (note that, unlike the EW, the skewness is insensitive to changes in the continuum flux level). On the other hand, however, and although this may be induced by the paucity of the data, no clear time-dependent behavior is noticeable in the 1995 October dataset (left panel ).
Comparison with Previous Studies
Niedzielski (1996a) reported on a spectroscopic pattern of variability of WR 1 very much reminiscent of the one presented by the apparently single WN 5 star WR 6 that displays phase-locked (although strongly epochdependent) spectral variations according to P ≈ 3.77 days (Morel et al. 1998 , and references therein). The results of our investigation of the spectral variability of WR 1 are broadly consistent with this suggestion. In particular, as general features of the spectroscopic pattern of variability, one can note in both objects the substantial variations of the absorption component of the optical P Cygni profiles (readily observable in N v λλ4604, 4620 where the absorption trough occasionally disappears; Fig.5 ) or the coherent time-dependent changes in the global line-profile properties (e.g., skewness; Fig.8 ). Similarities can also be found with WR 134, another very rare example of single-line WR star displaying cyclical variations (Morel et al. 1999) . Evidence was also presented by Niedzielski (1996a) for cyclical (according to P ≈ 2.667 days), correlated changes in the EWs of He ii λ4686 and He ii λ5412. The data presented in the present paper do not, however, support a claim of such periodicity. In particular, a period search in our EW data (but also in our centroid, FWHM, and skewness data; Fig.8 ) yields no significant signal at the expected frequency. Also, this 2.667 day period can hardly account for our global light-curve morphology (Fig.1) . In a speculative vein, this apparent disagreement between our results and those presented by Niedzielski (1996a) might point to a multiperiodic nature of the variability in WR 1, with the 2.667 day period being present in 1994-1995 but being dominated by other longer (non)cyclical processes during our observations. It has to be noted that based on a more comprehensive analysis of the data, Niedzielski (private communication) recently questioned the strictly periodic nature of the spectral variations.
As already noted by Niedzielski (1995 Niedzielski ( , 1996b and Wessolowski & Niedzielski (1996) , our data provide evidence for a more gradual spectral pattern of variability than for WR 6; a fact which may imply that the period (if any) is longer than 3.77 days. In support of this view, the centroid, EW, and skewness data of He ii λ4686 show coherent time-dependent patterns of variability (Fig.8) , with timescales in the range 5-6 days after a formal periodicity search. However, we caution the reader that this period should not be taken too literally because of the limited time sampling of these data. In particular, a cyclical pattern in this range, as proposed by Lamontagne (1983) and Moffat & Shara (1986) , is clearly inconsistent with the lack of continuum flux variations observed after HJD 2,450,353 (Fig.1 ) unless one invokes a sudden period of "quiescence" after this date, with the small amplitude of the variations masking any periodic patterns.
On the Presence of a Companion
Although a cyclical pattern of variability has yet to be unambiguously established in WR 1, general considerations are made below regarding the model assuming an orbiting (unseen) companion as the origin of the variability. 
A Non-degenerate Companion?
Some constraints can be set on the mass, M ⋆ , of this putative companion on the basis of the centroid measurements of He ii λ4686 presented in Figure 8 . Assuming that these variations are entirely attributable to orbital motion (i.e., K W R ≈ 70 km s −1 ), one can explore the allowed values of (P, M ⋆ ). The solid lines in Figure 9 show the result of this investigation for three illustrative values of the orbital inclination (i = 30
• , 60
• , and 90
• ). In these calculations, we assume a circular orbit and a mass for WR 1 of 9.1 M ⊙ . For a wide range in orbital inclination (i > ∼ 30
• ) and in orbital period (P < ∼ 20 days), an upper limit for the companion's mass of 15 M ⊙ is derived. Assuming the companion to be a main sequence star, this constrains the spectral type to be later than B1. In this case, the companion's wind is too weak (Grigsby & Morrison 1995) to induce wind-wind collision effects that may induce the large spectral changes observed in WR 1. For a system observed nearly faceon (i < ∼ 30 • ), larger masses are evidently consistent with the K W R value adopted above. However, no direct evidences (i.e., photospheric lines in the integrated spectrum or dilution of the WR continuum) support the presence of a luminous, early-type companion. In the presence of a non-degenerate companion, one would also expect a flat or eclipsing-type light curve. Yet, the opposite behavior is observed in Figure 1 . These arguments strongly argue against the presence of a non-degenerate star orbiting WR 1.
A Collapsed Companion?
For a canonical mass of the companion as a neutron star, M ⋆ ≈ 1.4 M ⊙ , improbably small periods below one day are consistent with the adopted K W R value (Fig.9) . However, it has to be kept in mind that the centroid measure- ments of He ii λ4686 included the highly variable uppermost part of the profile which is unlikely to purely reflect orbital motion. Therefore, this K W R value is probably grossly overestimated. If one considers lower K W R values (as Lamontagne 1983: K W R = 22 ± 5 km s −1 ; the allowed values of [P, M ⋆ ] are shown in this case by short-dashed lines in Fig.9 ), much larger periods (as in fact suggested by our study) are allowed. Thus, these considerations are not sufficient by themselves to rule out the presence of a neutron star companion (a black hole companion, on the other hand, would require long periods and/or small orbital inclinations).
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In the presence of a collapsed companion, one may expect fairly strong, accretion-type X-ray emission. Earliest observations by the HEAO A-1 experiment gave an upper limit L X ≈ 4.4 × 10 33 erg s −1 on the emission in the 0.5-20 keV range (Helfand 1980) . A value L X = 7.07 ± 2.85 × 10 32 erg s −1 in the 0.2-2.4 keV range has been reported for WR 1 during the ROSAT all-sky survey (Pollock et al. 1995) . WR 1 is a fairly strong X-ray emitter compared to other (apparently) single WN stars. However, its emission is by no means unusual when only considering the WNE-s subclass (Wessolowski 1996) . Two subsequent pointed ROSAT PSPC observations showed that a satisfactory fit to the X-ray spectrum can be achieved, either with a Raymond-Smith thermal plasma of about 1 keV or by the model developed by Baum et al. (1992) , assuming a mixture of "cool" (in radiative equilibrium) and "hot" (shocked) material Wessolowski 1996) . This picture is consistent with our current understanding of the X-ray production in bona fide single WR stars, as being due to radiatively-induced instabilities (e.g., Willis & Stevens 1996) . This "normal" level of X-ray emission from WR 1 does not constitute, however, a decisive argument against the presence of a collapsed companion, as the accretion of the wind material onto the neutron star is known to be inhibited in some X-ray binaries (e.g., Zhang et al. 1998) .
Because of the spiral-in process that massive close binaries are believed to experience in the course of their evolution, one is led to expect periods of some hours for systems made up of a WR star and a compact companion, not days (e.g., De Donder et al. 1997) . A period of 4.8 hr is observed in Cygnus X-3, the prime candidate for a WR + compact companion system (van Kerkwijk et al. 1996) .
Concluding Remarks
The single-star hypothesis appears appealing when considering the similarities between the optical spectral pattern of variability of WR 1 and the ones of the two peculiar stars WR 6 and WR 134. In this respect, although the light-curve morphology of WR 1 (a "bump" followed by a plateau) has, to our knowledge, no example among the WR population (Moffat & Shara 1986; Lamontagne & Moffat 1987; Antokhin et al. 1995; Marchenko et al. 1998b) , such a well-defined light-curve pattern is reminiscent of what is observed in WR 6 (Robert et al. 1992) .
